Abstract The paper presents two novel turbulent models for LES based on a wavelet decomposition. This approach, denoted WALES, is simple and easy to implement. Tests on a number of flows using grids with different resolution near walls show that the models exhibit the same quality as the Smagorinsky model without the need of wall functions or near-wall damping. In the paper the basic wavelet framework and two such models are described in detail. Physical benefits of the models due to the use of wavelets are discussed. Results obtained with the models are compared to those using the Smagorinsky model, to experimental results and to results from Direct Numerical Simulations. The agreement achieved is generally good.
Introduction
Wavelets cosntitute a mathematical tool designed to describe multi-scale physical effects and hence appear as a natural way for modelling turbulence and mixing phenomena. One possible way to apply the wavelets in turbulence modelling is to use them as a criterion for adaptive grid refinement to automatically detect all energetic coherent flow structures. This method, known as Coherent Vortex Simulation (CVS) [1] resolves all energetic turbulent structures down to the Kolmogorov scale. Due to this, CVS is still expensive for engineering applications typically featuring complex geometry with high Reynolds and/or Schmidt numbers. Another wavelet-based method, called SCALES, explores the idea to solve only for the most energetic coherent eddies while modelling the effect of the less energetic (and unresolved) motions [2] . It applies a thresholding wavelet filter to perform dynamic grid adaptation with respect to the energetic structures, thus being more "complete" than classical Large Eddy Simulation (LES). In the present work a different approach is followed which embeds wavelets in the framework of classical LES methods. The wavelet details, obtained after wavelet filtering of the velocity components on a LES-like numerical grid, are directly used for modelling of the subgrid-scale stress tensor. We named this approach Wavelet-Adapted LES (WALES).
The code into which the models were implemented is the incompressible Finite Volume code LESOCC2 for LES on block-structured hexahedral curvilinear grids. The code is fully parallelized and the implementation of the WALES models is parallel as well. Temporal and spatial schemes are of second order accuracy. More details are given, e.g., in [3] .
Wavelet approach to SGS modelling and numerical issues
Two widely used classes of subgrid-scale (SGS) models for LES are the eddyviscosity models and the scale-similarity models. Therefore in the present study wavelet-based SGS models have been designed and tested in the spirit of both of these approaches. Both models are based on the wavelet details of the velocities in order to model the SGS stress tensor. The method is genuinely three-dimensional, but will be outlined here in the one-dimensional setting for simplicity using Fig.2 . Starting point is the fine-grid solution on grid level k. Then values on the next coarser level k − 1 are obtained by some averaging procedure (restriction). In the present case, the average of the two neighbours is used; in three dimensions the averaging includes eight neighbour cells of the fine grid. Then, a prolongation of the coarsegrid solution to the fine grid is performed according to In the present work one neighbour on the coarse grid is used (s = 1) with γ 1 = −1/8 and the multiresolution accuracy being r = 2s + 1 = 3 [4] . The chosen value for s = 1 presents a compromise between the accuracy of the approach and the required amount of information exchange for the parallel algorithm at the block-boundaries of the sub-domains. In the simplest case of Haar wavelets [5] with s = 0 the prolongated value is equal to the coarse-grid value and no information needs to be exchanged at the block boundaries in this step, provided an even number of cells is used.
The fine-scale details of the signal are computed as the difference between the original values on the fine grid and the prolongated values:
The above algorithm decomposes of the original signal u(
The corresponding expressions in three dimensions are lengthy and available elsewhere [6] . In the following the indices of the details will be omitted. In the present work the decomposition is applied in a two-grid fashion, but the extension to more levels is immediate. As the LES-grids usually feature good quality with low stretching and skewness, geometrical factors are not included for simplicity and efficiency, as is common practice for the filtering applied with the dynamic procedure. Similarly, the prolongation step assumes zero values beyond walls for simplicity.
By construction, wavelets fulfil moment conditions, i.e. the coarse-grid solution reproduces exactly polynomials up to a certain degree, here up to degree r − 1. Details in (2) then vanish. Hence, with the present choice s = 1, constant, linear and parabolic velocity profiles do not produce any contribution in the details. SGS models based on d{u} consequently turn off automatically in well-resolved laminar flows. That was already explored in [3] for a parabolic velocity profile of a transitional jet into a crossflow.
The above decomposition then is applied to all three velocity components u i . Two WALES models are proposed here, an eddy-viscosity type and a scale-similarity type model. The former is termed WALES-E and based on
with the model constant equal to 0.02. This model bares some similarity with the structure function model but generalizes it as the order can be chosen freely. The second model is termed scale-similarity WALES model (WALES-S) and reads
with C WALES−S,i j = 0.2 + 0.2δ i, j , determined by calibration. Note that in this model the fluctuating velocity values u ′ i = u i − u i and not the instantaneous ones are used.
Below, the results obtained with the above models are compared with those employing the Smagorinsky model (SM) using C S = 0.1. The latter was used with van Driest damping near walls for fine grids and a Werner-Wengle wall function for coarse grids. The present WALES models were not altered near walls.
Results for plane channel flow
The channel flow was calculated on a grid with 147000 inner cells and the parameters sumarized in Tab. 1. Fig.2(left) and Fig.2(center) show comparisons of the two WALES models for Re τ = 395. Better agreement is achieved for the shear stress Fig.2(left) predicted by the WALES-E model, while the SM matches better the peak of the streamwise velocity fluctuations u ′ u ′ . A simulation for the same Reynolds number was conducted with a finer wall-resolving grid and the WALES-E model, yielding only very slight improvement. For the WALES-S model good agreement for the Reynolds stresses u ′ v ′ , w ′ w ′ and v ′ v ′ is achieved, but the overprediction of the maximum of u ′ u ′ is stronger than with WALES-E. Fig.2(right) shows results using the WALES-E model and the SM in the channel flow with scalar transport. Both models show good agreement with the DNS data of [7] . Similar qualitative and quantitative agreement with DNS apllies also for the predicted scalar transport with the WALES-S model at Re τ = 180 (not shown). Table 1 shows that the friction velocity U τ at the wall is considerably better predicted by the two WALES models than by the Smagorinsky model. 
Results for the flow in a model combustor
The non-reactive flow in the TECFLAM / TYPE II combustor was experimentally investigated by means of LDA in [8] . The configuration consists of an annular swirling jet entering a cylindrical combustion chamber. As a representation of the entire swirl-generating device is too costly, stationary top-hat profiles for the ra-dial and azimuthal velocity component were imposed at the circumferencial inflow boundary. This aproach was validated for a very similar configuration in [9] and does not affect the results as turbulence readily develops in the annulus upstream of the jet exit. A block-structured grid was used with 6.2 million hexahedral cells and 620 blocks. 96 grid points were used in the azimuthal direction. Fig.3 shows details of the grid.
The outer diameter of the jet is D 0 = 60mm and the inner diameter is d 0 = 30mm. A massflow rate of m = 0.066363kg/s yielding a bulk velocity of U b = 39.51m/s. The Reynolds number based on these quantities is Re b = 159, 758. The theoretical swirl number S 0 , defined as the ratio of angular momentum to axial momentum flux normalized by the outer radius R 0 = D 0 /2, was S 0 = 0.9. The simulations were run for several time units t b = D 0 /U b to eliminate the effects of the initial conditions, before statistical quantities were collected over about 1000 t b . Fig. 4 shows the calculations with the WALES-E model and compares them to the SM and LDA measurements. The WALES-S model was found numerically unstable for a high-Reynolds number periodic-hill flow and therefore the WALES-E model (denoted WALES in the figure) was preferred for the present flow configuration.
For lack of space, only few profiles can be shown here. The global agreement between experiments and the simulations is very good at the inlet indicating that the top-hat profile applied is adequate. The WALES-E model and the SM show an overall similar performace with exception of the time-mean radial velocity < v > at x/D 0 = 0.0833. Here, the peak of the radial profile of < v > is matched better with the SM, while the WALES-E model shows a better agrreement near the axis. Further downstream the WALES-E model and the SM show very much the same results for mean flow as well as fluctuations. The same conclusion applies also for quantities like e.g. the turbulent viscosity, calculated by the two models.
Conclusions
An approach to SGS modelling for LES based on a wavelet decomposition was presented in two variants. The results obtained with two of these WALES models were compared with the Smagorinsky model, experimental data and results from Direct Numerical Simulations. The models feature simplicity and are quite easy to implement. For the flows considered, the present WALES models yield the same quality of results as the Smagorinsky model without the need of wall functions or wall damping.
